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ABSTRACT 
 
The chapter reveals the development of organic thin films transistor 
(OTFT) as a gas sensor. The OTFT inherits the design architecture from 
its inorganic counterpart known as Field Effect Transistor (FET). The three 
main components of a FET are source, drain and gate electrodes. For a 
FET, a dielectric layer or known as insulator will be placed on the bottom 
of active semiconductor layer. In this study, the OTFT will be designed with 
an organic material namely Poly (3-hexythiophene-2,5-diyl) regioregular 
(P3HT) as an active material. Currently, metallic oxides such as Titanium 
Dioxide (TiO2) and Zinc Oxide (ZnO) are commonly used in making gas 
sensor because of their sensitivity and conductivity upon gas reaction and 
absorption. But, the disadvantages of these materials are at the requirement 
to operate at elevated temperature at a higher cost, therefore limiting their 
use in some applications. Thus, an organic material such as PH3T was 
chosen to be employed in gas sensor because its ability to use small energetic 
input and functional at room temperature. In general, the fabrication 
processes of OTFT device almost similar with the inorganic type. However, 
the main attractions of this processes is that all the layers of an OTFT can 
 
 
42 
 
Current Advances in Microdevices and Nanotechnology Series 1 
ISBN 978-967-2306-25-2 
2019 
be deposited and patterned at room temperature by a combination of low-
cost solution-processing and direct-write printing. Thus, it makes them 
ideally suited for realization of low-cost and large-area electronic functions 
on flexible substrates. This chapter reveals the proposal of using OTFT for 
sensing volatile organic compounds (VOCs) gas that are such as benzene, 
chloroform, toluene and xylene. VOCs are permissible in small dose, but it 
can be neurotoxin to human and animal if exposed to higher dosage. The 
higher dose of VOCs can cause disease symptoms like drowsiness, 
headache, tremor and memory loss. In comparison with OTFT, the 
inorganic material namely Zinc Oxide (ZnO) which has higher carrier 
mobility was blended with the conjugated polymer P3HT and formed a new 
sensing material in active layer to enhance the performance of transistor. 
 
Keywords:  Organic thin films transistor, P3HT, zinc oxide, volatile 
organic compounds 
 
3.1 INTRODUCTION  
 
Volatile organic compounds (VOCs) are a class of liquid organic chemicals 
with variable volatility that sometimes evaporates easily at room 
temperature. In food technology, VOCs are generated from the 
microwaving foods, combustion and chlorination of drinking water and 
indirect food additives. Examples of VOCs in foods are such as benzene, 
chloroform, toluene and xylene. VOCs are permissible in low dose but can 
be neurotoxin to humans and animals if they are exposed to high dose. High 
doses of VOCs can cause symptoms such as drowsiness, headache, tremor 
and memory loss [1-2]. Therefore, one of methods to monitor the 
concentration of neurotoxins VOCs is using gas sensor. 
 
Gas sensor is a type of physio-chemical sensor that is widely used in the 
commercial and residential markets for various applications [3]. This device 
is capable to convert different concentrations of chemicals into an electrical 
signal. In this section, the gas sensor based on Field Effect Transistor (FET) 
as its main component will be discussed. Compared to conductive sensors 
[4] which has been commonly used before, transistor has the ability to 
amplify small signal such as current and voltage [5] and also the device 
configuration allow interaction of gasses directly to the thin organic layer. 
Hence, transistor-based sensor demonstrated better sensitivity than chemi-
resistive gas sensor. Moreover, this kind of sensor offers multiple sensing 
parameters such as electrical parameters; field effect mobility (µ), source-
drain current, saturation current (ISS), and threshold voltage (VTH). These 
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parameters vary upon exposure to gas atmosphere [6] and specific target 
gases instead of single parameter (electrical conductivity) changes in 
resistive based gas sensor. 
 
In the development of transistor-based gas sensor, the top layer of the 
transistor is where the active layer is located, and it has two important roles 
for current to flow and as a sensing material. Currently, metallic oxides such 
as Tin (IV) Oxide (SnO2), Titanium Dioxide (TiO2) and Zinc Oxide (ZnO) 
are commonly used as sensing material [7-8] because of their sensitivity and 
conductivity upon gas reaction and absorption. But, the disadvantages of 
these materials are they usually operated at elevated temperature causing 
high cost and also limiting it use in some applications. Thus, an organic 
material was chosen as the sensing layer in gas sensor because it can be 
manipulated upon small changes in energetic input and normally operated 
at room temperature.  
 
Conducting polymer (CP) is a type of organic material which possess good 
conductivity and can be functioned as sensing and active material [9-10]. 
Moreover, CP is easy to be synthesized and processed and it is also sensitive 
to room temperature which make it very good in sensor applications. In 
order to be a transistor, the active materials should have mobility (µ) above 
0.1cm2/Vs and on/off ratio greater than 105. There are various types of CP 
applied as sensing material that are such as polythiophene, pentacene, 
phthalocyanine and polypyrrole. In this study, polythiophene materials 
known as Poly (3-hexythiophene-2,5-diyl) regioregular (P3HT) was chosen 
as sensing material. P3HT was demonstrated to be highly sensitive to toxic 
and dangerous gasses like ammonia (NH3), nitrous oxide, toluene and 
propanol. In addition, this p-type material with holes as carriers showed 
good electron mobility (µ =10-4 – 10-1 cm2/Vs), chemical stability and 
solution process ability [11].   
 
For gas sensor, sensitivity and selectivity are very important parameters to 
ensure accuracy in gas detection. In order to enhance the sensitivity and 
selectivity of gas sensor based P3HT transistor, the hybrid nanocomposite 
mixtures will be synthesized and the combination of inorganic material with 
the nanoparticles materials will make the surface larger. Therefore, more 
polymers can interact with the gasses at the same time makes the interaction 
with gasses faster and resulting fast response in the sensor. In this study, the 
inorganic material namely ZnO which has high carrier mobility was blended 
with the conjugated polymer P3HT and formed a new sensing material in 
active layer to enhance the performance of transistor. ZnO is well soluble 
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in some solvents like chloroform, chlorobenzene and methanol. Therefore, 
the implementation of P3HT blended with ZnO can produce lower 
threshold voltage and higher carrier mobility compared to pure P3HT 
which resulting faster response for sensing application. 
 
3.2  ORGANIC THIN FILM TRANSISTOR (OTFT) 
 
The review on organic thin film transistor device and its fabrication process 
will be explained in this section. Besides, the background study of gas sensor 
based OTFT will be discussed briefly.  
 
3.2.1     Background Information of OTFT 
 
Thin films are referring to thin material layer ranging from nanometer 
(monolayer) to several micrometers in thickness. Electronic 
semiconductors devices such as diodes and transistors are some of the 
applications benefiting from thin film construction. In addition, thin films 
are widely used in solar cell application, catalysis and biomedical 
applications. 
 
The thin films transistor (TFT) was the first solid - state amplifier ever 
patented. The concept of the thin film transistor was first introduced by 
Weimer in 1962. It is started in early 1960s when many semiconductor 
groups were doing research on both transistors; Metal Oxide 
Semiconductor (MOS) and TFT [12]. MOS offers stability in term of 
materials and process compared to TFT, that make RCA Laboratories and 
Westinghouse continued the research on TFT compared to MOS which is 
widely investigated by many research groups. The RCA leading by Weiner 
then make an invention of photoconductor thin film diode. After that, 
Weiner’s publications became a starting point to others innovation using 
thin film [12].  
 
The thin film transistor can be divided in two types which are inorganic and 
organic transistors. The organic thin film transistors (OTFT) [13] have 
received increasing interest because of their potential in display technology 
such as liquid crystal display (LCD), screen in cell phone, personal digital 
assistant (PDA) and many others. Although the performance such as carrier 
mobility could not compete with those of single-crystalline inorganic 
semiconductors such as Silicon (Si), Germanium (Ge) and Gallium 
Arsenide (GaAs), they still have considerable advantages in terms of large-
area and low-cost manufacturing. 
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Same as inorganic transistor, organic transistor can also function either as 
p-type or n-type depending on the organic semiconducting material in its 
channel. For p-type, the charge is carried by positively-charged holes while 
electron is a domain charge for n-type. The organic charge transfer exhibits 
conduction mechanisms based the bonding between atoms in the materials. 
In general, OTFT utilize a thin film of organic semiconducting material as 
the active layer of the transistor. The device and process fabrication of 
OTFT will be discussed in the next section. 
 
3.2.2  Device Design of OTFT 
 
The OTFT inherits its design architecture from the inorganic counterpart 
namely FET. In the basic FET design, there are two types of device 
configurations that are the top and bottom contacts. The top and bottom 
contacts of OTFT architecture are as shown in Figure 1. The substrate used 
for this device can be glass, plastic and others flexible substrate. For 
example; Sony uses plastic substrate namely polyether sulfone (PES) for 
organic electronics light (EL) display prototype.  
 
A FET is composed of three main components; source, drain and gate 
electrodes; a dielectric layer (or known as insulator) and the active 
semiconductor layer. The source and drain electrodes are placed in contact 
with the organic semiconductor. The source-drain voltage (VDS) is applied 
in the electrodes while the gate is used to modulate the magnitude of VDS. 
The gate can be used to switch the transistor in ‘on’ state (high VDS) and 
‘off’ state (negligible VDS).  
 
3.2.3  Fabrication Process of OTFT 
 
In general, the fabrication processes of OTFT device almost similar with 
the inorganic type. The main attractions of this processes is that all layers 
of an OTFT can be deposited and patterned at room temperature by a 
combination of low-cost solution-processing and direct-write printing. 
Hence, it makes them ideally suited for realization of low-cost and large-
area electronic functions on flexible substrates. 
 
In the fabrication process, the gate electrode will be laid down first and the 
deposition on the semiconductor layer usually being the last step. The 
source and drain are deposited on the insulating layer through a shadow 
mask by microlithography technique [14]. Deposition and photolithography 
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are the two main processes that give huge impact on the device 
performance. These two microfabrication methods will be explained in the 
following sections. 
 
 
Figure 1: A typical (a) Top and (b) bottom contacts OTFT architecture 
 
(a) Deposition Method 
 
Deposition of thin film organic semiconductors layers is primarily 
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performed through vapor or solution phase process. Vacuum deposition is 
used for small molecules or oligomers. It requires high cost because of the 
processes involve with expensive equipment and low deposition 
throughput. However, it produces films with high field-effect mobility and 
on/off ratios. Examples of organic semiconductors films that have been 
deposited using this method are copper phthalocyanines and acenes like 
pentacene and tetracene. OTFT device performance can be improved by 
controlling the deposition rate and temperature, which affect the 
morphology of the semiconductor [15]. In addition, modification of 
interface between the substrate and the organic layer and post-deposition 
treatments such as annealing also improve the molecular ordering [15]. 
 
For solution-soluble organic semiconductor, two forms of deposition are 
available which are deposition of soluble precursor from a solution and 
direct deposition from solution. The motivation to use soluble precursors 
is most conjugated oligomers and polymers are insoluble in common 
solvents unless side chain substitutions are incorporated into molecular 
structures. The addition of side chains can interfere the molecular packing, 
decreasing mobility but when used properly it can be incorporated to 
promote better molecular packing, such as in the case of regioregular P3HT 
[16]. The important matter in solution soluble is to determine the processing 
temperature as the conversion temperature from precursor to 
semiconductor. The parameter should be determined first to ensure the 
suitability and compatibility especially when low cost substrate used. 
Furthermore, this technique needs additional processing steps compared to 
direct deposition method. 
 
In direct deposition technique, there are two popular methods such as spin 
coating and solution casting [14]. It is often used for polymers such as 
regioregular P3HT or various soluble oligomers. The consideration in this 
process are the preparation for post – processing treatments, such as 
thermal annealing and solution processing process. Thermal annealing 
process will improve molecular ordering and grain sizes of the thin film and 
frequently resulting better device performance. For solution processing 
methods, the parameters such as the organic solution concentration and 
solubility, solvent evaporation rate, and substrate surface need to identify 
first because of their effect on the quality of the resulting semiconductor 
film. 
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(b) Photolithography Method 
 
Patterning is a crucial part in the fabrication of OTFT. The organic 
semiconductor must be confined to the channel region to eliminate parasitic 
leakage and reduce cross-talk in order to achieve better device performance. 
The drain, source and gate electrodes need to be patterned with the required 
features size depending on the application. Typically, the smaller the 
distance between drain and source electrode (channel length) resulting 
higher output current and fast transistor switching speed. There are three 
types of lithography that can be chosen which are optical lithography, 
screen printing and soft lithography. 
 
Optical lithography is a well-developed conventional technique for the 
patterning of mesoscopic feature and components for microelectronics and 
photonic devices [17]. In this process, geometric shapes from a mask are 
transferred to substrate, enabling patterning of the  
 
active materials and electrodes. Both metal and conducting polymers 
electrodes can be fabricated using standard photolithography process 
followed by lift off. Conducting polymers electrodes needs to be patterned 
by light exposure to change their conductivity without having to remove 
polymer in the channel region. This method is less suitable for the 
patterning of organic semiconductors because of the exposure of this 
material to solvents and etchants tend to cause degradation in devices 
performance. Also, this technique requires high processing cost.  
 
Screen printing technique involves squeezing a unique and special prepared 
ink through a screen mask onto a substrate surface to form desired pattern 
[17]. This method can print all the active components in OTFT but has 
limited feature size resolution (75 µm or larger). Components of OTFT can 
also be deposited using ink-jet printing which is similar to the operation of 
a conventional ink-jet printer.  
 
Soft lithography encompasses wide variety of patterning techniques in 
which master structure is fabricated in a material such as silicon by 
conventional lithography process and then used to make elastomeric 
replicas in material such as poly (dimethylsiloxane) (PDMS). In soft 
lamination, source and drain electrodes are deposited on one substrate, then 
laminated onto another substrate that already contains the gate, dielectric 
and semiconductor thus completing the transistor.  
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Among these three methods, optical lithography is the most suitable 
method to be employed in the OTFT fabrication for this study because of 
its availability and easy for preparation at room temperature.  
3.2.4  Background Study of Gas Sensor Based OTFT 
 
The invention of gas sensors based on OTFT was started in the mid-1980s. 
There are several researches reported that the source and drain current in 
transistor are affected by the presence of gaseous such as oxygen, iodine, 
chloroform and others [3]. Hence, the potential of OTFT as gas sensing 
was opened up for further research and new applications. 
 
Since year 2000, the interest in this area has increased with series invention 
of gas sensors using OTFT because of their advantages. Hu (2000) [17] and 
Bouvet (2001) [18] showed that the OTFT sensor performed better than 
similar resistor type sensors in term of drift current, sensitivity, signal to 
noise ratio, lifetime and operating temperature.  
 
Torsi (2000) [19-20] demonstrated that not only source and drain current 
but multi-parameters such as the bulk conductivity, field effect conductivity, 
threshold voltage and field effect mobility can be measured using this type 
of sensors. After that, many improvement and invention were done by 
modifying or changing the material, fabrication process and design 
structure.  
 
Based on the inventions, OTFT have been demonstrated as effective 
sensors in gaseous environments. As an example, Xie et. al [21] proposed 
two methods to evaluate the performance of organic thin film transistor 
(OTFT) gas sensors. In this study, a back-gated OTFT gas sensor was 
fabricated with polymerpoly(3-hexylthiophene) (P3HT)/Zinc Oxide 
(ZnO) nanorods composite films. The active layer and gas sensing layers 
were prepared for nitrogen dioxide (NO2) detection. The electrical 
parameters of OTFTs based on pure P3HT film and P3HT/ZnO-nanorods 
composite films will be calculated and analyzed.  
 
Currently, Chan et. al [22] have developed a novel sensing material 
fabricated using a poly(3-hexylthiophene) (P3HT)/poly(methyl 
methacrylate) (PMMA) blend fiber on a glass substrate. The study focuses 
on the sensing materials that can easily be used for sensing toluene vapor 
detected from extinction spectral changes. The extinction spectra variation 
is noted from the absorption of volatile organic compounds in a highly 
specific surface area of fibrous coating. An electrospinning technique is 
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applied to generate a non-woven structure and uniaxial orientation by 
fibrous coating. The response of the uniaxial orientated fibrous film was 
improved at several toluene vapor concentrations. The best detection limit 
of this well-aligned fibrous film was up to 200 ppm for toluene vapor [22]. 
With the development of all these researches, more studies are needed to 
improve performances of OTFT.  
 
3.2.5  Development of OTFT as Sensing Material for VOCs Gas 
Sensor 
 
In this section, the methodology used to develop the VOCs sensor using 
OTFT as sensing material will be explained. The experiments will be divided 
into two stages: the fabrication of OTFT and the setup of optical systems 
towards the detection of VOCs gaseous.  
 
The first stage emphasizes on consists of two proposed device structures as 
active sensing materials with fabricated through layer-by-layer process; 
P3HT and the hybrid sensing combination of blended P3HT and ZnO. 
While the second stage elaborates on optical sensor setup. The flow chart 
for overall process is as shown Figure 2. 
 
(a) First Stage: Fabrication Method of OTFT 
 
In this experiment, Poly (3-hexythiophene-2,5-diyl) regioregular, P3HT will 
be used as the active material. Two sets of top contact bottom gate FET 
devices were fabricated and the device structures for both transistors are as 
shown in Figure 3. The first set is P3HT based transistor and second type 
is hybrid P3HT-ZnO nanocomposite-based transistor. Chromium as gate 
electrode is deposited using electron gun evaporation (E-Gun) on glass 
substrate. Then, Poly (methyl methacrylate) also known as PMMA is spin 
coated on chromium and act as gate dielectric. PMMA has dielectric 
constant, K = 3.5 (almost similar with silicon dioxide) and high resistivity 
(>2x1015 Ω).  
 
For the active layer, P3HT and P3HT- ZnO can be deposited using various 
techniques such as sol–gel processing technique, inject-printed and spin 
coating. As mentioned before, spin coating method is the easiest approach 
to deposit active layer for P3HT and blended P3HT and ZnO. However, 
for the blended P3HT and ZnO need to undergo pre-treatment process 
before deposited onto gate dielectric.  
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Figure 2: Flowchart for overall process 
 
Finally, the top source and drain electrodes are deposited through thermal 
evaporation method. The electrical characterization namely IV 
measurement will be done using 4-point probe such as Keithley Instrument 
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system. The three terminals: source, drain and gate are probed to obtain IV 
transistor’s curve. 
  
The example of P3HT film and P3HT –ZnO with nanorod-shaped film can 
be obtained from the OTFTs that have been developed by Xie as reported 
in [21]. The devices exhibit a p-type behaviour, where the Ids increases and 
then saturates with increasing Vds. The mobility of OTFTs based on the 
P3HT/ZnO-nanorods composite film increased with the amount of ZnO-
nanorods. This attribute to combination of the improvement of the 
crystallinity of P3HT and the optimized orientation of polymer chains 
induced by the ZnO-nanorods in the composite films. Therefore, the 
threshold voltage of devices would change positively with the increasing 
amount of ZnO nanorods owing to the decrease of electrostatic potential 
[24]. This device was used to detect nitrogen dioxide (NO2) with 
combination of P3HT and ZnO with nanorods shapes produces better 
sensitivity.  
 
 
 
 
Figure 3: Structure of top contact bottom gate P3HT transistor (left) and 
P3HT-ZnO transistor (right) 
 
(b) Second Stage: Gas Sensing Method Setup  
 
In this section, the OTFT will be revealed as sensing material to detect 
VOCs gaseous namely ethanol and methanol. The nitrogen gaseous was 
used as a reference. The systems were setup with a sensor chamber with 
two inlets; a gas generation chamber consists of a thermostat, a voltmeter 
and a stirrer to stir the gas uniformly. The OTFT sample was placed inside 
the sensor chamber. The change on electrical parameters of OTFT in two 
different mediums; reference and targeted gaseous were recorded as the 
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sensor response. Figure 4 shows the system set up for investigating the 
response of the OTFT upon exposed to the vaporized samples. The design 
of the sensor was modified from receptor based biosensor for the detection 
of acetic acid associated with Salmonella contamination in packaged beef 
[23]. 
 
In the sensor testing, three types of testing can be carried out which are 
selectivity, sensitivity and repeatability.  The testing will be carried at room 
temperature ambient. The ability of this sensor to produce consistent and 
change towards VOCs gas sensor can be recorded as the sensor response. 
 
 
 
Figure 4: The VOCs sensor setup using OTFT as sensing material 
 
3.3 SUMMARY 
 
The gas sensing system based on P3HT and nanocomposite thin film were 
fabricated and used as sensing material. The electrical parameters and 
transfer characteristic which are source-drain current, saturation current 
(ISS) and threshold voltage (VTH) are changed (modulation) after exposed 
to targeted VOCs gassed (ethanol and methanol). The gas sensor-based 
nanocomposite P3HT-ZnO thin film transistor has better sensitivity than 
gas sensor systems based P3HT. The other parameters in P3HT and P3HT-
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ZnO thin film like shape and size are observed using FESEM. 
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